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ABSTRACT White striping (WS) is an emerging
myopathy of broiler chickens characterized by white
striation of muscle. Despite the recent advances, the
pathomechanism underlying the WS remains elusive.

The aim of this study was to characterize morphologi-
cal and molecular features of WS in broiler chickens. 50
pectoralis muscles were collected from 55 days old ROSS
308 broiler chickens with a mean weight of 3.5 kg. Sam-
ples were snap frozen and analyzed by histopathology,
immunohistochemistry, and immunofluorescence. Real-
time-PCR was used to evaluate the expression of differ-
ent cytokines.

Histological lesions were observed in all examined
animals, both with and without macroscopic evidence
of WS. WS muscles showed endomysial and perivas-
cular inflammatory infiltrates of macrophages and clus-
ter of differentiation (CD)8-positive T lymphocytes
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with severe myofiber atrophy, necrosis, fibrosis and
replacement by adipose tissue. There was diffuse sarco-
plasmic and sarcolemmal overexpression of the major
histocompatibility complex class I (MHC I). The
severity of the histologic lesions was positively corre-
lated with the macroscopic degree of white striations.
IL-6, IL-17 and lipopolysaccharide-induced TNF-a fac-
tor (LITAF) were overexpressed in severe lesions of
WS. The presence of the CD8/MHC I complexes,
together with the higher expression of IL-6, IL-17 and
LITAF in severe degree of WS, suggest that
the immune response may be involved in the progres-
sion of this myopathy and can be consistent with a
hypoxia-induced inflammatory myopathy. These results
help to understand the pathomechanism of WS contrib-
uting to the reduction of economic losses and improving
poultry welfare.
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INTRODUCTION

The increase in demand for chicken meat has been
accompanied by intense genetic selection for growth rate,
but on the other hand it is accompanied by a variety of
challenges, one of which is the white striping myopathy
(WS) (Kuttappan et al., 2016; Boerboom et al., 2018).
WS is an emerging disease in broiler chickens, macroscop-
ically characterized by white striations of the pectoralis
and thighs muscles parallel to the muscle fibers
(Kuttappan et al., 2017). WS is considered an esthetic
and technological defect that devalues broiler breast filets
(Zanetti et al., 2018). Many studies reported that the inci-
dence of WS in broiler chickens increased dramatically
from an average of 5% in 2012 (Huang and Ahn, 2018) to
over than 90% in the last years (Kuttappan et al., 2017;
Malila et al., 2018), with considerable economic losses for
the poultry industry (Zanetti et al., 2018).
There is little information available regarding the his-

tological lesions associated with WS myopathy. The few
studies have focused on abnormalities that can influence
the chemical and textural properties of the meat, such
as fibrosis and replacement with adipose tissue, and
these studies only occasionally report microscopic
changes such as necrosis and infiltration of lymphocytes
and macrophages (Kuttappan et al., 2013; Salles et al.,
2019; Praud et al., 2020).
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To date, the pathomechanisms underlying WS are
unclear. Recent studies suggested that hypoxia plays a
major rule in WS pathogenesis (Boerboom et al., 2018;
Malila et al., 2019); however, oxidative stress, fiber-type
switching, and nutritional deficiencies may also contrib-
ute (Boerboom et al., 2018). There is little information
about the characteristics of the inflammatory response
in WS (Zambonelli et al., 2016). Increasing evidence
indicates that inflammatory responses including macro-
phages and T helper 17 (TH17) cell responses play a piv-
otal role in modulating the neovascularization, repair
and remodeling after muscle ischemia (Hata et al., 2011;
Chen et al., 2018). For this reason, in addition to the
morphological characterization of the inflammatory
infiltrate, in the present study we explored the T helper
1 (TH1)/TH17 polarization of the inflammatory
response.

Moreover, different ischemic injuries, such as myocar-
dial infarctions (Liao and Cheng, 2006), stroke and trau-
matic brain injury (Javidi and Magnus, 2019), have
been recently associated with immune-mediated disor-
ders. In an ischemia-induced inflammatory microenvi-
ronment, self-reactive lymphocytes and autoantibodies
could be generated and may participate in inflammation
and in the progression of tissue injury (Liao and
Cheng, 2006; Javidi and Magnus, 2019). Based on these
observations, we hypothesized that an immune-medi-
ated component may be part of the pathogenesis of WS.
For this reason, in the present study, we evaluated the
presence of the CD8/MHC I complexes, as hallmarks of
immune-mediated muscle diseases, and assessed the
expression of cytokines related to immune-mediated dis-
eases (Pagano et al., 2019; Prisco et al., 2020).

The aims of this study were to 1) characterize the his-
tologic and histoenzymatic features of WS, 2) character-
ize the inflammatory infiltrate, 3) evaluate the
expression of CD8/MHC I complexes, and 4) assess
cytokine expression in order to understand the pathome-
chanisms underlying this myopathy.
MATERIALS AND METHODS

Samples

The study included pectoralis muscles from 50 com-
mercial broiler chickens (ROSS 308) randomly selected
from five batches raised at a facility of a local poultry
meat producer. Broilers were slaughtered with 55 d of
age and with a mean weight of 3.5 Kg at a CE autho-
rized slaughterhouse. The study did not require consent
or ethical approval according to European Directive
2010/63/EU. The animals were slaughtered in strict
accordance with European slaughter regulations (CE n°
1099/2009 of 24 September 2009) for the protection of
animals at the time of killing (Ref. Official Journal of
the European Union L 303/1). Permission to obtain the
samples was granted from the owner of the abattoir and
from the veterinary inspector responsible for sanitary
surveillance.
The gross severity of WS was graded in chicken pec-
toralis muscles following an established method
(Malila et al., 2018):

� Grade 0 (non-WS): no white striation on the meat surface;
� Grade 1 (mild-WS): 1 to 40 white lines with a thickness of < 1 mm;
� Grade 2 (moderate-WS): more than 40 white lines with a thickness of
< 1 mm, or 1 to 5 white lines with a thickness of 1 to 2 mm;

� Grade 3 (severe-WS): more than 5 white lines with a thickness of 1 to
2 mm, or at least one line with a thickness ≥ 2 mm.

The WS severity of the breast muscles was graded by
2 independent pathologists (F.P. and O.P.). Discordant
results were reviewed to reach consensus.
For this study we avoided samples with wooden

breast, “spaghetti meat”, and deep pectoral (green mus-
cle disease) myopathies (Bailey et al., 2015). Within
20 min postmortem, two samples were collected from
the cranial region on the ventral surface of each breast
muscle, one of which was placed in RNAlater. All sam-
ples were immediately transported under refrigeration
(2−4°C) to the Comparative Neuromuscular Laboratory
of the Department of Veterinary Medicine of the Univer-
sity of Naples within 1 to 2 hours after sampling. Sam-
ples of 1£ 1£ 1 cm were snap-frozen in isopentane
precooled in liquid nitrogen for histology and the ali-
quots transported in RNAlater were frozen at �80°C for
molecular examination.
Histopathology and Immunohistochemistry

Frozen transverse sections (8-mm thick) were stained
according to our routinely performed laboratory stains
(Paciello and Papparella, 2009) including: 1) hematoxy-
lin and eosin (HE) and 2) Engel trichrome (ET) for a
basic morphologic evaluation and mitochondria distri-
bution; 3) reduced nicotinamide adenine dinucleotide-
tetrazolium reductase (NADH-TR) to observe inter-
myofibrillar pattern and secondary distribution of mito-
chondria; and iv) succinate dehydrogenase (SDH) and
v) cytochrome oxidase (COX) to evaluate activity and
distribution of mitochondria (Paciello and Pappar-
ella, 2009).
A scoring system was designed to assess the degree of

fiber atrophy as follows based on assessment of at least
10 fields at 200X magnification (9.503 mm2; 20£ objec-
tive and a 10£ ocular with a field number of 22 mm)
(Meuten et al., 2016): normal (score 0), no atrophic
fibers; mild (score 1), <10% atrophic fibers; moderate
(score 2), 10% to 50% atrophic fibers; and severe (score
3), >50% of atrophic fibers. (Pagano et al., 2015, 2019;
Costagliola et al., 2016) Fibers were considered atrophic
if the diameter was lower than 36 mm which is the mini-
mum reported value for the cranial portion of the pecto-
ral muscle of broiler chicken at slaughter-age (Smith and
Fletcher, 1988; Dubowitz et al., 2013).
The number of inflammatory cells were scored by light

microscopy as: no infiltration (score 0); mild infiltration
(score 1), on average 5 to 25 inflammatory cells per high-
power field (HPF; 0.237 mm2; 40£ objective and a 10£



Table 1. Anti-chicken monoclonal antibodies used as primary
antibodies for immunohistochemistry and immunofluorescence.1

Recognized chicken
molecule Target Clone Dilution

Bu-1 B lymphocytes AV20 1:400
CD3 T lymphocytes CT�3 1:100
CD4 T helper lymphocytes CT�4 1:100
CD8a T cytotoxic

lymphocytes
CT�8 1:500

TCRgd gd-T lymphocytes TCR-1 1:200
Monocyte/
Macrophage-antigen

Monocyte/Macrophage KUL01 1:500

MHC I Major histocompatibil-
ity complex class I

F21�2 1:500

MHC II Major histocompatibil-
ity complex class II

2G11 1:500

1All primary antibodies were mouse monoclonal antibody from
SouthernBiotech, Birmingham, AL, USA.
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ocular with a field number of 22 mm) (Meuten et al.,
2016); moderate infiltration (score 2), on average 26 to
50 inflammatory cells per HPF; and severe infiltration
(score 3), on average more than 50 inflammatory cells
per HPF. The average number was evaluated in at least
10 HPF for each sample (Pagano et al., 2019).

The degree of fiber necrosis was scored as follows
based on assessment of at least 10 fields at 200£magnifi-
cation: normal (score 0), no necrotic fibers; mild (score
1), <10% necrotic fibers; moderate (score 2), 10% to
50% necrotic fibers; and severe (score 3), >50% of
necrotic fibers (Pagano et al., 2015; Costagliola et al.,
2016). For the evaluation of fiber necrosis, both the
fibers with loss of the normal sarcoplasm structure and
the necrotic fibers invaded by macrophages (sarcoclasto-
sis) were counted (Dubowitz et al., 2013; Pagano et al.,
2019).

Fibrous and adipose tissue replacement were sepa-
rately scored as follows using a system based on the
assessment of 10 field at 200£ magnification: normal
(score 0) no fibrous/adipose tissue replacement; mild
(score 1), <10% of the skeletal muscle is replaced by
fibrous/adipose tissue; moderate (score 2), 10% to 20%
is replaced; and severe (score 3), >20% is replaced.

The alterations of intermyofibrillar pattern and alter-
ations in mitochondrial activity and distribution has
been studied with histoenzymatic stains to mark the fol-
lowing oxidative enzyme activities: reduced nicotin-
amide adenine dinucleotide-tetrazolium reductase, and
COX (Dubowitz et al., 2013; Pagano et al., 2019). A
scoring system was designed to assess the degree of alter-
ation of intermyofibrillar pattern and alteration in mito-
chondrial activity and distribution. This score was
based on the percentage of fibers showing abnormalities
with the NADH-TR, SDH, and COX stains, such as
coarse intermyofibrillar pattern, “moth-eaten” fibers,
target fibers, targetoid fibers, core fibers, pre-ragged
blue fibers, whorled fibers etc. The score was assessed on
at least 10 fields at 200£ magnification: normal (score
0), no evident alteration; mild (score 1), <10% of fibers
showed morphological alterations; moderate (score 2),
10% to 20% of fibers showed morphological alterations;
and severe (score 3), >20% of fibers showed morphologi-
cal alterations.(Pagano et al., 2015; Costagliola et al.,
2016; Zaghini et al., 2020)

Sections were evaluated by 2 independent patholo-
gists (F.P. and O.P.) under an optical microscope
(Nikon E600; Nikon, Tokyo, Japan). Discordant results
were reviewed with a multiheaded microscope to reach
consensus.

For immunohistochemistry (IHC), frozen sections (8-
mm thick) were processed with the MACH1 Universal
HPR Polymer Detection Kit (Biocare Medical LLC,
Concord, CA) as previously described (Pagano et al.,
2019). The primary antibodies used are summarized in
Table 1. A quantitative assessment of immunohisto-
chemical stained sections was performed on 5 randomly
selected cases for each grade of severity of the gross
lesions. For each case, ten 20£ fields were randomly pho-
tographed under an optical microscope (Leica DM6000B
by Leica, Wetzlar, Germany) associated with a digital
camera (Leica DFC450C digital camera by Leica). Each
photo was elaborated with Fiji (ImageJ, National Insti-
tutes of Health): a color deconvolution filter (H DAB)
was applicated to each photo to permit discrimination of
browns and blues; the obtained 8-bit browns level was
binarized using a threshold manually adjusted (between
0−100 and 0−120), as needed, for each image sets to
accurately reflect chromogen distribution in the regions
of interest; and the positive area was measured
(Johnson and Walker, 2015; Law et al., 2017;
Cimmino et al., 2019). The mean positive area of the 10
analyzed field was calculated for each case and expressed
in percentage of the area of an entire field (% units). Fur-
thermore, the areas of the marked inflammatory cells
were added to obtain, for each case, a total inflamma-
tory cell area. The mean positive areas of the 5 selected
cases were calculated for each group of macroscopic
severity.
Immunofluorescence

To determine if muscle fibers infiltrated by CD8+
lymphocytes expressed Major histocompatibility com-
plex class I (MHC I; CD8/MHC I complexes), immuno-
fluorescence was carried out as follows. Cryosections
were dried at room temperature for 1 hour, preincubated
with normal mouse serum diluted 1:10, and overlaid
overnight in a humid chamber at 4°C with primary anti-
body for MHC Class I (F21�2, mouse monoclonal anti-
body, dilution 1:500; SouthernBiotech). A TRITC
fluorochrome-labeled rabbit anti-mouse secondary anti-
body was applied (1:300; Jackson Laboratories, Bar
Harbor, ME, USA) on sections for 1 h at room tempera-
ture. Slides were rinsed with PBS and a second primary
antibody directed against CD8 (CT�8, mouse monoclo-
nal antibody, dilution 1:400; SouthernBiotech) was
applied overnight at 4°C. A FITC fluorochrome-labeled
rabbit anti-mouse secondary antibody was applied
(1:300; Jackson Laboratories) on sections for 2 h at
room temperature. Slides were rinsed with PBS and
mounted with a solution of 1-part glycerol/1-part PBS.
For scanning and photography was used a fluorescence
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microscope (Leica DM6000B by Leica, Wetzlar, Ger-
many) associated with a digital camera (Leica
DFC450C digital camera by Leica). To exclude auto-
fluorescence, serial sections of muscle were incubated
with PBS omitting the primary antibody. Frozen sec-
tions of normal chicken cecal tonsils were used as posi-
tive controls for anti-MHC I and anti-CD8 antibodies.
RNA Extraction and Real-Time
Semiquantitative PCR

To explore the TH1/TH17 inflammatory response and
to evaluate the expression of cytokines related to immune-
mediated diseases, total RNA derived from 5 pectoralis
muscles randomly selected for each severity grade was
extracted using TRIzol Reagent (Bio-Rad Laboratories)
using a specific RNA extraction kit (NucleoSpin�,
MACHEREY-NAGEL GmbH & Co, D€uren, Germany),
according to the manufacturer’s instructions. cDNA was
synthesized using High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) from 6mg total RNA.
The applied PCR settings were previously described
(Lama et al., 2019). The gene primers were: IFNG (for
IFN-g), LITAF (for lipopolysaccharides-induced TNF-
alpha factor), IL6 (for IL-6), IL12A (for IL-12A), IL17
(for IL-17) (Qiagen, Hilden, Germany) in a final volume of
25mL. All mRNAs were normalized to GAPDH as house-
keeping gene, and data were analyzed according to the
2�DDC

T method (De Biase et al., 2020).
Statistical Analysis

Statistical analysis was performed using Prism 8 (Ver-
sion 8.2.1) with a level of significance of 0.05. The D’Ag-
ostino-Pearson test was used to assess normality of data.
The differences among means of each histologic semi-
quantitative score were evaluated using Kruskal−Wallis
test and a post-hoc multiple comparison using Dunn's
test (Meyerholz et al., 2019). The differences among
Figure 1. Gross findings. (A) White striping myopathy (WS), left pect
pathologic changes. Muscles classified as grade 0 (normal, case 3) not show an
white lines, less than 1 mm thick, parallel to the muscle fibers. Muscles clas
thick, parallel to the muscle fibers. Muscles classified as score 3 (severe, case
the muscle fibers and associated with hemorrhages on the muscle surface. (B
ens. Only 10% of the muscles were morphologically normal and the most freq
means of immunohistochemical quantitative assess-
ments and Real-time PCR quantitative assessments
were evaluated using one-way analysis of variance
(ANOVA) and a post-hoc multiple comparison using
the Holm-Sidak’s multiple comparisons test (Aickin and
Gensler, 1996).
The following correlations were evaluated using the

Spearman's rank correlation coefficient: 1) the macro-
scopic grade of the WS vs histologic semiquantitative
scores and the immunohistochemical quantitative assess-
ments; 2) among the various histologic semiquantitative
scores; 3) between histologic semiquantitative scores vs.
immunohistochemical quantitative assessments. The size
of correlation coefficient has been interpreted as “low” for
correlation coefficients lower than 0.5; “moderate” for cor-
relation coefficients between 0.5 and 0.7; and “high” for
correlation coefficients higher than 0.7 (Mukaka, 2012).
RESULTS

Gross Examination

White striations were present in 45 of 50 (90%) sam-
ples, with characteristic white striations parallel to the
muscle fibers and more severe lesions in the cranio-lat-
eral parts of the pectoralis muscles where the muscles
were thicker (Figure 1A). The other 5 of 50 pectoralis
muscle samples were macroscopically normal (grade 0).
Grade 1 (mild) lesions were present in 20 of 0 (40%)

pectoralis muscles, with few and thin (< 1 mm) white
striations usually exclusively present in the cranio-lat-
eral parts of the pectoralis muscles. Grade 2 (moderate)
lesions were present in 16 of 50 (32%) of the pectoralis
muscles, with numerous white striations some of which
were 1 to 2 mm, and usually more evident in the cranial
two-thirds of the pectoralis muscles. Grade 3 (severe)
lesions were present in 9 of 50 (18%) of the pectoralis
muscles, several white striations, some thicker than
2 mm, usually evident in the whole pectoralis muscle
oralis major muscle, chicken. Scoring scale used for evaluation of histo-
y distinct white lines. Muscles classified as grade 1 (mild, case 7) exhibit
sified as grade 2 (moderate, case 35) exhibit white lines from 1 to 2 mm
44) exhibit easily evident white lines, more than 2 mm thick, parallel to
) Gross lesion scores for WS in pectoralis muscles from 50 broiler chick-
uent lesions score was grade 1.



WHITE STRIPING MYOPATHY IN BROILER CHICKENS 5
and often associated with hemorrhages. Distribution
data are summarized in Figure 1B.
Histology and Immunohistochemistry

Atrophy, inflammation, necrosis, fibrosis and adipose
tissue replacement were prominent findings in all cases.
Other associated myopathic features were centralization
Figure 2. Histologic findings. (A) Atrophy, white striping myopathy (
numerous fibers reduced in size (atrophy). Atrophic fibers are mainly roun
Score 1: Case 5, Mild atrophy (<10% atrophic fibers), centralization of mu
Atrophy Score 2: Case 16, Moderate atrophy (10%−50% atrophic fibers), c
inflammatory cells. Atrophy Score 3: Case 35, Severe atrophy (>50% of atro
tory cells infiltration in the endomysium. (B) Inflammation, WS, skeletal m
endomysium and surround and infiltrate among muscle fibers. HE. Inflamm
HPF), centralization of muscle fibers nuclei and endomysial edema. Inflam
cells per HPF), centralization of muscle fibers nuclei, scattered atrophic fibe
mation (>50 inflammatory cells per HPF), centralization of muscle fibers n
inflammatory infiltrate is composed by lymphocytes and macrophages. (C) M
ent, and are invaded by inflammatory cells, mainly macrophages. HE. Necr
sarcoclastosis, centralization of muscle fibers nuclei, scattered atrophic fiber
Case 24, Moderate myofiber necrosis (10%−50% necrotic fibers) with sarco
and scattered inflammatory cells in the endomysium. Necrosis Score 3: Case
sis, centralization of muscle fibers nuclei, scattered atrophic fibers and endom
of nuclei, fiber splitting, and endomysial and perimysial
edema.
There was increased variability of muscle fiber diame-

ter with numerous muscle fibers reduced in size (atro-
phy), mainly round, rarely with angular profiles,
scattered or distributed in small groups. The atrophy
was scored as mild in 8 of 50 (16%) cases, moderate in 26
of 50 (52%) cases, and severe in 16 of 50 (32%) cases
(Figure 2A).
WS), skeletal muscle, chicken. Muscle fiber diameters are variable with
d or rarely had angular profiles. Hematoxylin and eosin (HE). Atrophy
scle fibers nuclei, endomysial edema and scattered inflammatory cells.
entralization of muscle fibers nuclei, endomysial fibrosis and infiltrating
phic fibers), centralization of muscle fibers nuclei and severe inflamma-
uscle, chicken. Infiltrates of lymphocytes and macrophages expand the
ation Score 1: Case 2, Mild inflammation (5−25 inflammatory cells per
mation Score 2: Case 31, Moderate inflammation (26−50 inflammatory
rs and perimysial fibrosis. Inflammation Score 3: Case 42, Severe inflam-
uclei, perimysial fibrosis and replacement with adipose tissue. Inset: the
yofiber necrosis, WS, skeletal muscle, chicken. Necrotic fibers are pres-

osis Score 1: Case 9, Mild myofiber necrosis (<10% necrotic fibers) with
s and scattered inflammatory cells in the endomysium. Necrosis Score 2:
clastosis, centralization of muscle fibers nuclei, scattered atrophic fibers
40, Severe myofiber necrosis (>50% of necrotic fibers) with sarcoclasto-
ysial edema.
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All examined cases showed endomysial and perivascu-
lar infiltration of macrophages, lymphocytes, and plasma
cells. Endomysium was multifocally expanded by numer-
ous macrophages, which often invaded necrotic muscle
fibers (sarcoclastosis), associated with fewer lymphocytes
and plasma cells, and often surrounding intact myofibers.
Rarely, morphologically normal muscle fibers were infil-
trated by one or few lymphocytes. Furthermore, numer-
ous blood vessels were surrounded by lymphocytes and
plasma cells, often organized in follicular structures, with
fewer macrophages. Sometimes, inflammatory cells infil-
trated and disrupted the vessel walls. Lymphoplasmacytic
and histiocytic inflammation was scored as mild in 14 of
50 (28%) cases, moderate in 15 of 50 (30%) cases, and
severe in 21 of 50 (42%) cases (Figure 2B).

Often, frequent scattered muscle fibers were
necrotic and invaded by numerous macrophages (sar-
coclastosis). The number of necrotic fibers was scored
as mild in 14 of 50 (28%) cases, moderate in 22 of 50
(44%) cases and severe in 14 of 50 (28%) cases
(Figure 2C).

Fibrous and adipose tissue replacement of the skeletal
muscle was also prominent. Fibrous replacement was
absent in 3 of 50 (6%) cases, mild in 17 of 50 (34%) cases,
moderate in 16 of 50 (32%) cases, and severe in 14 of 50
(28%) cases (Figure 3A). Adipose tissue replacement
was absent in 3 of 50 (6%) cases, mild in 9 of 50 (18%)
cases, moderate in 21 of 50 (42%) cases, and severe in 17
of 50 (34%) cases (Figure 3B).

Abnormalities of the intermyofibrillar pattern and
mitochondrial activity and distribution were present
in 49 of 50 cases, including coarse intermyofibrillar
pattern and mitochondrial abnormalities such as
“moth eaten” fibers, target fibers, targetoid fibers,
core fibers, preragged blue fibers, and whorled fibers.
Abnormalities of intermyofibrillar pattern and activ-
ity and distribution of mitochondria were scored as
absent in 1 case (2%), mild in 15 of 50 (30%) cases,
moderate in 25 of 50 (50%) cases and severe in 9 of
50 (19%) cases (Figure 3C).

The atrophy score was higher in muscle with grade 3
WS compared with grade 0 (P< 0.05). Inflammation
score was higher in muscle with grade 3 WS compared
with grade 0 (P < 0.05) and grade 1 (P< 0.05). Necrosis
score was higher in muscle with grade 3 WS compared
with grade 0 (P< 0.01), grade 1 (P< 0.05), and grade 2
(P< 0.05). Fibrosis score was higher in grade 3 WS com-
pared with grade 0 (P< 0.01) and grade 1 (P< 0.01).
Fibrosis score was higher also in grade 2 WS compared
with grade 0 (P < 0.05). Adipose tissue replacement
score was lower in grade 0 WS compared with grade 3
(P< 0.001), grade 2 (P< 0.01) and grade 1 (P< 0.05).
Mitochondrial alteration score was higher in muscle
with grade 3 WS compared with grade 1 WS (P < 0.05)
and grade 0 WS (P< 0.01). The differences between
mean scores are summarized in Figure 4.

The grade of gross severity of the WS was moderately
positively correlated with fibrosis score (rs = 0.621; P<
0.001), adipose tissue replacement score (rs = 0.530; P<
0.001) and mitochondrial alteration score (rs = 0.515;
P < 0.001) and was lowly positively correlated with atro-
phy score (rs = 0.325; P< 0.05), inflammation score
(rs = 0.411; P< 0.01) and necrosis score (rs = 0.480; P<
0.001). Atrophy score was highly positively correlated
with inflammation (rs = 0.757; P< 0.001) and necrosis
(rs = 0.757; P< 0.001) scores, was moderately positively
correlated with fibrosis score (rs = 0.545; P< 0.001) and
mitochondrial alteration score (rs = 0.603; P< 0.001)
and lowly positively correlated with adipose tissue
replacement (rs = 0.434; P< 0.01) score. Inflammation
score was also highly positively correlated with necrosis
score (rs = 0.814; P< 0.001), moderately positively corre-
lated with fibrosis score (rs = 0.579; P< 0.001), and
mitochondrial alteration score (rs = 0.663; P< 0.001)
and lowly positively correlated with adipose tissue
replacement score (rs = 0.470; P= 0.001). Necrosis score
was moderately positively correlated with fibrosis score
(rs = 0.639; P< 0.001), adipose tissue replacement score
(rs = 0.568; P= 0.001) and mitochondrial alteration
score (rs = 0.654; P< 0.001). Fibrosis score was moder-
ately positively correlated with mitochondrial alteration
score (rs = 0.585; P< 0.001) and lowly positively corre-
lated with adipose tissue replacement score (rs = 0.436;
P= 0.01). Adipose tissue replacement score was also
lowly positively correlated with mitochondrial alteration
score (rs = 0.479; P < 0.001).
The inflammatory infiltrate expanding the endomy-

sium and invading the necrotic muscle fibers was mainly
composed of macrophages with fewer CD8+ lympho-
cytes and scattered or small groups of CD4+ lympho-
cytes, Bu1+ B cells and TCRgd+ lymphocytes.
Otherwise, the inflammatory infiltrate surrounding the
blood vessels was mainly composed of CD3+ T lympho-
cytes, predominantly CD8+ with less CD4+, associated
with fewer Bu1+ B cells, TCRgd+ lymphocytes and
macrophages (Figure 5A).
The quantitative assessment of immunolabeled sec-

tions (Figure 5B) showed that the overall inflammatory
population was mainly composed of macrophages and
CD8+ lymphocytes. Furthermore, the distribution of
the inflammatory infiltrate by each grade (Figure 5C)
showed that for all markers the mean immunolabeling
increased from grade 0 to grade 2 and decreased from
grade 2 to grade 3. The exception was that immunolab-
eling of macrophages continuously increased from grade
0 to grade 3.
TCRgd immunolabeling was higher in grade 3 WS

compared with grade 0 (P< 0.05) and was higher in
grade 2 compared with grade 0 (P< 0.01) and grade
1 (P< 0.05). MAC immunolabeling was higher in
grade 3 compared with grade 0 (P< 0.001) and grade
1 (P< 0.0001) and was higher in grade 2 compared
with grade 0 (P<0.01).
The macroscopic grade of the WS was highly positively

correlated with MAC positivity (rs = 0.845; P< 0.001)
and with total inflammatory cells (rs = 0.717; P= 0.001).
Furthermore, macroscopic grade was moderately posi-
tively correlated with CD4 positivity (rs = 0.605; P<



Figure 3. Histologic findings. (A) Fibrosis, White striping myopathy, skeletal muscle, chicken. The endomysium is expanded by fibrous tissue.
HE. Fibrosis Score 1: Case 23, Mild fibrosis (<10% of the skeletal muscle replaced), centralization of muscle fibers nuclei, scattered atrophic fibers
and endomysial edema. Fibrosis Score 2: Case 19, Moderate fibrosis (10%−20% of the skeletal muscle replaced), centralization of muscle fibers nuclei,
small groups of atrophic fibers and infiltration of inflammatory cells. Fibrosis Score 3: Case 43, Severe fibrosis (>20% of the skeletal muscle replaced),
centralization of muscle fibers nuclei, scattered atrophic fibers and severe infiltration of inflammatory cells. (B) Adipose tissue replacement, WS,
skeletal muscle, chicken. The endomysium and perimysium are expanded by adipose tissue. HE. Adipose tissue replacement Score 1: Case 9, Mild
replacement with adipose tissue (<10% of the skeletal muscle replaced), centralization of muscle fibers nuclei, necrosis with sarcoclastosis of a single
muscle fiber and focal infiltration of inflammatory cells. Adipose tissue replacement Score 2: Case 20, Moderate replacement with adipose tissue
(10%−20% of the skeletal muscle replaced), centralization of muscle fibers nuclei, necrosis with sarcoclastosis of a single muscle fiber and scattered
inflammatory cells infiltrating the endomysium. Adipose tissue replacement Score 3: Case 26, Severe replacement with adipose tissue (>20% of the
skeletal muscle replaced), centralization of muscle fibers nuclei and scattered inflammatory cells infiltrating the perimysium. (C) Mitochondrial alter-
ations, WS, skeletal muscle, chicken. Diffusely pale fibers (asterisks) show the absence of COX activity. Cytochrome oxidase stain. Mitochondrial
alterations Score 1: Case 10, Mild reduction in staining for cytochrome oxidase (<10% of fibers). Mitochondrial alterations Score 2: Case 40, Moder-
ate reduction in staining for cytochrome oxidase (10% to 20% of fibers). Mitochondrial alterations Score 3: Case 47, Severe reduction in staining for
cytochrome oxidase (>20% of fibers).
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0.01), Bu-1 positivity (rs = 0.523; P< 0.05) and TCRgd
positivity (rs = 0.690; P= 0.001).

Sarcolemmal and sarcoplasmic immunopositivity for
MHC I was constantly observed in at least 90% of mus-
cle fibers in all cases, both in fields with and without an
evident inflammatory infiltrate. Sarcolemmal and sarco-
plasmic immunopositivity for MHC II were never
observed (Figure 6A).
Immunofluorescence

To explore the possible overexpression of MHC I on
the sarcolemma of the non-necrotic muscle fibers infil-
trated by CD8-positive lymphocytes, immunofluores-
cence was performed. In all cases, the intact myofibers
infiltrated by CD8-positive lymphocytes showed an
intense sarcolemmal and diffuse sarcoplasmic



Figure 4. Relationships between histological lesion scores and macroscopic severity grade in muscles samples from 50 broiler chickens. Scores
were determined for the histologic lesions shown and compared among samples with different macroscopic severity grades (grades 0-3, shown by dif-
ferent colored bars). The histological lesions were progressively more severe according to the macroscopic severity grade of the white striping. Bars
indicate means § SEM. The means were compared using the Kruskal−Wallis test and post-hoc Dunn's multiple comparison. Asterisks denote statis-
tically differences between macroscopic lesions grades (*P < 0.05, **P < 0.01, ***P < 0.001).

Figure 5. Immunohistochemical findings. (A) White striping myopathy, skeletal muscle, chicken. Detection of CD3, CD4, CD8, TCRgd, Bu1
and MAC on serial cryosection. The endomysial inflammatory infiltrate is mainly composed of macrophages with fewer CD8+ lymphocytes. There
are scattered CD4+ lymphocytes, Bu1+ B cells, and TCRgd+ lymphocytes (top row; Case 26). The perivascular inflammatory infiltrate is mainly
composed of CD3+ lymphocytes, with both CD8+ and CD4+ cells. There are a moderate number of Bu1+ B cells and macrophages and few
TCRgd+ lymphocytes (bottom row; Case 6). (B) Quantitative assessment of immunolabeling. The inflammatory cell population was mainly com-
posed of macrophages and CD8+ lymphocytes. Immunolabeling for most markers increased from macroscopic lesion grade 0 to grade 2 and
decreased from grade 2 to grade 3. The exception was Immunolabeling for macrophages (MAC), which continually increased from grade 0 to grade
3. Five cases from each macroscopic lesion grade were tested (20 cases in total). Means were compared with one-way ANOVA and post-hoc Holm-
Sidak’s multiple comparison. Asterisks denote statistically differences between grades (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (C)
Immunohistochemical data trends according to macroscopic grade. Nonlinear regression. MAC positivity had the best positive correlation with mac-
roscopic grade (rs=0.845; P < 0.001; Spearman's rank correlation coefficient).
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Figure 6. MHC I and MHC II expression. (A) White striping myopathy, skeletal muscle, chicken. Immunohistochemistry. Almost all muscle
fibers diffusely overexpress MHC I both on the sarcolemma and in the sarcoplasm. Negative muscle fibers are rare (asterisk; Case 9). The infiltrating
inflammatory cells and the endothelial cells of the endomysial capillaries are MHC II-positive but no muscle fibers are positive (Case 9). (B) White
striping myopathy, skeletal muscle, chicken. Immunofluorescence detection labeling of CD8 (green, FITC), MHC I (red, TRIC), and their colocaliza-
tion (merge, orange color). Muscle fibers exhibit diffuse sarcolemmal and cytoplasmic immunolabeling of MHC I. There are CD8-positive cells dis-
seminated in the endomysium and rarely infiltrating non-necrotic muscle fibers. Muscle fiber infiltrated by a CD8-positive cell intensely
overexpresses MHC I (CD8/MHC I complex).
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immunofluorescence to MHC I (Figure 6B). No immuno-
fluorescence was detected in sections incubated with
PBS omitting the primary antibody.
Figure 7. Quantitative RT-PCR analysis of inflammatory cyto-
kine gene expression, in pectoralis muscle samples from 50 broiler chick-
ens. Gene expression data are compared among samples with different
macroscopic severity grades (grades 0-3, shown by different colored
bars) based on 5 tested samples for each grade (20 samples total). Gene
expression data are expressed as fold-change from normal muscle sam-
ples (grade 0). Bars indicate means § SEM. There are no differences in
the IFN-g gene expression among the different macroscopic grades.
LITAF, IL-6, IL-12a, and IL-17 gene expression was higher in grade 3
pectoralis muscle compared with less severe grades. The means were
compared by one-way ANOVA and post-hoc Holm-Sidak’s multiple
comparison. Asterisks denote statistically differences between grades
(*P < 0.05, **P < 0.01, ****P < 0.0001).
Cytokine Expression

To molecularly characterize the inflammation in mus-
cle samples, we evaluated inflammatory cytokine gene
expression, including IFN-g, LITAF, IL-6, IL-12A, and
IL-17 (Figure 7). There were no differences in the expres-
sion of IFN-g among macroscopic grades. The expression
of LITAF was higher in grade 3 compared with grade 1
(P< 0.01) and grade 0 (P< 0.01). The expression of IL-6
was higher in grade 3 compared with grade 2 (P<
0.0001), grade 1 (P< 0.0001) and grade 0 (P= 0.0001).
The expression of IL-17 was higher in grade 3 compared
with grade 1 (P< 0.05) and grade 0 (P< 0.05).

The expression of LITAF was highly positively corre-
lated with the WS grade (rs = 0.818; P< 0.001), inflam-
mation score (rs = 0.706; P< 0.01) and mitochondrial
alterations (rs = 0.702; P< 0.01). LITAF expression was
also moderately positively correlated with atrophy (rs =
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0.646; P< 0.01) and necrosis (rs = 0.586; P< 0.05) and
fibrosis (rs = 0.666; P< 0.01). The expression of IL-6
was moderately positively correlated with the WS
grade (rs= 0.559; P<0.05), inflammation score
(rs = 0.592; P< 0.01), necrosis (rs = 0.624; P< 0.01),
mitochondrial alterations (rs = 0.505; P< 0.05) and
lowly positively correlated with fibrosis (rs = 0.486; P<
0.05). The expression of IL-12A was moderately posi-
tively correlated with the atrophy (rs = 0.504; P< 0.05),
inflammation score (rs = 0.631; P< 0.01), necrosis
(rs = 0.529; P< 0.05), fibrosis (rs = 0.569; P< 0.05) and
lowly positively correlated with mitochondrial altera-
tions (rs = 0.497; P< 0.05). The expression of IL-17 was
highly positively correlated with the WS grade
(rs= 0.808; P< 0.001) and moderately positively corre-
lated with inflammation score (rs = 0.633; P< 0.01),
necrosis (rs = 0.652; P< 0.01), fibrosis (rs = 0.668; P<
0.01), adipose tissue replacement (rs = 0.603; P< 0.05)
and mitochondrial alterations (rs = 0.607; P< 0.05).

The correlations between gross lesions, histological,
immunohistochemical and RT-PCR results were sum-
marized in Supplementary Table 1.
DISCUSSION

WS is an emerging myopathy affecting broiler chicken
pectoral and thigh muscles with an increasing incidence
at slaughter-age in recent years (Kuttappan et al., 2017;
Huang and Ahn, 2018; Malila et al., 2018). The morpho-
logic appearance of this myopathy can adversely affect
consumer acceptance of raw fillets and can cause a wors-
ening of the chemical and textural properties of the
meat, resulting in economic loss in the poultry industry
(Kuttappan et al., 2016). Moreover, according to the
OIE definition of animal welfare (OIE -
World Organisation for Animal Health, 2019), there is a
critical relationship between animal health and animal
welfare, therefore this pathology can represent a serious
welfare issue in live broilers (Kuttappan et al., 2016;
Petracci et al., 2019).

The morphological and molecular characterization of
this myopathy can lay the foundations for the develop-
ment of genetic selection plans or therapies that may
reduce the incidence of this condition with consequent
reduction of the economic losses and improvement of
animal welfare.

Our results showed that WS is a chronic necrotizing
and inflammatory myopathy at slaughter-age, macro-
scopically characterized by white striations parallel to
the muscle fibers (Kuttappan et al., 2016), and the stria-
tion thickness is related to the severity of the disease.
WS was observed in 90% of the examined pectoralis
muscles in our study, most commonly as a grade 1 lesion.
The reported incidence of WS in broiler chicken varies
between published works but the most recent reported
incidence data of WS in Ross 308 vary from 75.5% to
97.8% at slaughter age (Huang and Ahn, 2018;
Malila et al., 2018). Incidence data variation could
depend on confounding factors such as strain, age, sex,
feed etc. (Kuttappan et al., 2016).
Histological lesions were observed in all animals, both

with and without macroscopic evidence of WS, suggest-
ing that the underlying disease process is even more fre-
quent than reported. Macroscopically unaffected
chickens generally showed mild microscopic lesions and
may represent early stages of the condition.
According to the authors' knowledge, this is the first

study where inflammatory infiltrate associated with WS
has been extensively characterized; until now, only the
presence of CD3-positive T lymphocytes had been evalu-
ated (Mazzoni et al., 2015). In the present study we
showed that often the majority of the inflammatory cells
were macrophages; we characterized the T cells subpo-
pulations as mainly composed of CD8-positive cytotoxic
T cells associated with less CD4-positive helper T cells
and gd-T cells; moreover, we reported the presence of a
smaller number of Bu-1-positive B cells. Other already
reported histologic findings (Kuttappan et al., 2013;
Mazzoni et al., 2015), notably, myofiber atrophy, necro-
sis, fibrosis and replacement of skeletal muscles by adi-
pose tissue, have been here associated with the WS
degree.
The severity of the main histologic lesions was posi-

tively correlated with the macroscopic grade of WS. If
we assume that higher grade of WS corresponds to more
advanced states of the condition (Kuttappan et al.,
2013), these data suggest concurrent progression of the
histologic and macroscopic lesions in the pectoralis mus-
cle. Inflammatory changes, fibrosis and adipose tissue
replacement are the histologic lesions more strongly pos-
itively correlated with macroscopic grade of WS. This
observation suggest that these lesions may be mainly
responsible for the macroscopic aspect of WS in chicken
muscles. These results are supported by other studies
where the increased fat and decreased protein contents
have been associated with the degree of white striping
(Kuttappan et al., 2013).
The association between mitochondrial abnormalities

and muscle inflammation is widely reported and it is fre-
quently linked with damage of the mitochondrial DNA
(Pagano et al., 2019). The grade of WS correlated with
mitochondrial alterations suggesting a worsening of
mitochondrial function according to the progression of
the condition. In addition to an effect of inflammation,
subsarcolemmal mitochondrial aggregates may also
reflect chronic muscle hypoxia. It is reported that during
hypoxia, skeletal muscle mitochondria shift position and
localize preferentially in the subsarcolemmal region,
where they are closer to capillaries. Moreover, the
reduced COX-activity may reflect a hypoxia-related
decrease in mitochondrial content, probably due to a
combination of reduced mitochondrial biogenesis and
increased mitophagy (Gamboa and Andrade, 2010).
These findings are also supported by the reported
increase in long- and medium-chain fatty acids and
decrease in acylcarnitine esters in WS affected muscles,
reflecting a defect in the beta-oxidation
(Boerboom et al., 2018).
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Although the macrophagic inflammatory infiltrate
with abundant myofiber necrosis, fibrosis and mitochon-
drial abnormalities are consistent with a ischemia-
induced myopathy (Gamboa and Andrade, 2010;
Ghaly and Marsh, 2010), these morphological data alone
are not sufficient to support the ischemic pathomechan-
ism, however, they well fit into the existing literature
(Boerboom et al., 2018; Marchesi et al., 2019;
Malila et al., 2020).

We hypothesize that histiocytic inflammation is trig-
gered mainly by necrosis due to muscle hypoxia
(Boerboom et al., 2018). It has been suggested that the
vascular system in broiler chicken muscles may be mar-
ginal, supporting muscle growth under steady state con-
ditions, but inadequate to support the muscle under
stress (Boerboom et al., 2018). In this scenario, small
stresses, such as minor trauma or sudden movements of
wings (Bianchi et al., 2006), might destabilize an already
precarious equilibrium and incite the development of
this necrotizing and histiocytic myositis. In addition to
removing dead tissues and initiating the process of
repair, macrophages can contribute to tissue injury in
chronic inflammation by secreting cytokines and growth
factors that act on various cells, notably T lymphocytes
(Wigley and Kaiser, 2003; Fern�andez et al., 2017).

TH1 cytokines, including IL-12 and IFN-g, are
involved in the induction of cell-mediated immunity
(Wigley and Kaiser, 2003; Giansanti et al., 2007). In the
present study, there were no differences in IFN-g and
IL-12 mRNA expression among different grades of WS
suggesting a constant production of these cytokines dur-
ing disease progression.

We showed that LITAF was overexpressed in high
grade WS. LITAF is known as a TNF�a inducer in
mammals (ZOU et al., 2015), however, in chickens the
TNF�a homologous gene has been recently identified
and the relationship with LITAF is not yet well defined
(Hong et al., 2006; Rohde et al., 2018). Both in mammals
and in chickens, LITAF stimulates the expression of
TNF-like ligand 1A (Hong et al., 2006; Park et al., 2007;
ZOU et al., 2015). TNF-like ligand 1A, also termed
tumor necrosis factor superfamily member 15 and vascu-
lar endothelial growth inhibitor, is an important nega-
tive regulator for endothelial cell proliferation, which
may result in inhibition of vasculogenesis (Zhang et al.,
2017). This activity might be part of the pathogenesis of
an ischemic muscle disease. This hypothesis is further
supported by the positive correlation between LITAF
expression and the observed necrosis and fibrosis. More-
over, the upregulation of LITAF expression is reported
in different immune-mediated disorders in humans, such
as inflammatory bowel disease and rheumatoid arthritis
(ZOU et al., 2015).

We observed that IL-6 is overexpressed in high grade
WS. IL-6 is generally considered a proinflammatory
cytokine produced by T and B lymphocytes, macro-
phages and endothelial cells (Giansanti et al., 2007).
However, at least in mammals, IL-6 can also be pro-
duced by skeletal muscle fibers after physical exercise
and, in this case, exerts an anti-inflammatory action.
Conversely, in an inflammatory microenvironment with
other proinflammatory cytokines such as TNF-a, IL-6
promotes inflammation (Pedersen and Febbraio, 2008).
Furthermore, the overproduction of IL-6 is considered
important in the pathogenesis of multiple autoimmune
inflammatory diseases, in which an imbalance between
TH17 cells and regulatory T cells and autoantibodies
play a central role (Jones et al., 2018).
IL-17 is another proinflammatory cytokine overex-

pressed in high-grade WS and principally released by
activated T lymphocytes, specifically CD4+ TH17 and
gd-T cells. Moreover, IL-17 also induces IL-6 release by
macrophages (Walliser and G€obel, 2018). The functions
of IL-17 are not yet well characterized in birds but, as
for IL-6 and LITAF, IL-17 in mammals has been linked
to several immune-mediated diseases such as rheuma-
toid arthritis, multiple sclerosis, lupus and Crohn’s dis-
ease (Tabarkiewicz et al., 2015; Walliser and
G€obel, 2018). The IL-17 and IL-6 upregulation suggest
an enhanced TH17 response in severe degrees of WS
(Tabarkiewicz et al., 2015). The enhancement of the
TH17 response has been widely reported during muscle
(Gaines et al., 1999; Ege et al., 2004; Lopes et al., 2010)
and myocardial ischemia (Saini et al., 2005) where it has
a critical role in angiogenesis, repair and remodeling
(Hata et al., 2011; Chen et al., 2018).
Whole transcriptome analysis of pectoralis major

muscle of WS affected broilers already highlighted that
the activation of immune system is one of the most rele-
vant biological processes involved in this pathology,
together with angiogenesis, hypoxia, cell death, striated
muscle contraction and calcium signaling disturbances
(Zambonelli et al., 2016; Marchesi et al., 2019;
Malila et al., 2020). Specifically, consistent with our
results, the overexpression of LITAF (Marchesi et al.,
2019) in WS affected muscles and the absence of differ-
ential expression of IFN-g and IL-12 have been reported
(Marchesi et al., 2019; Malila et al., 2020). Differently,
in the present study we also observed the overexpression
of IL-6 and IL-17 in muscles with higher degree of WS,
this difference may depend on several factors, including
differences in the samples (genetic, age, feed, etc.)
(Kuttappan et al., 2016), in study design, in the sensitiv-
ity and specificity of the technique used
(Kogenaru et al., 2012), etc.
In addition to the overexpression of cytokines related

to autoimmune inflammatory diseases, we also described
morphologically non-necrotic MHC I-positive muscle
fibers infiltrated by CD8-positive lymphocytes (CD8/
MHC I complex), the hallmark of immune-mediated
inflammatory myopathy in human, dogs, sheep, and
horses (Paciello et al., 2007, 2009; Pasolini et al., 2018;
Pagano et al., 2019). An association between ischemic
injuries and immune-mediated disorders has been
described in humans during myocardial infarctions
(Liao and Cheng, 2006), stroke, and traumatic brain
injury (Javidi and Magnus, 2019). Thus, an immune-
mediated mechanism should be considered as a
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component of the pathogenesis of the WS. We hypothe-
size that muscle necrosis might cause the release or the
exposure of normally sequestered antigenic constituents
that could potentially trigger an adaptive autoimmune
response. Moreover, the persistent proinflammatory
microenvironment following ischemic injuries could
favor autoimmune responses to muscle antigens break-
ing tolerance mechanisms and triggering an immune-
mediated myopathy (Liao and Cheng, 2006; Javidi and
Magnus, 2019).

Our data are compatible with hypoxia-related damage
to muscle tissue in WS, but further studies should con-
sider other potential contributing mechanisms. In the
present study, an immune-mediated component of the
pathogenetic mechanism of WS has been suggested. Fur-
ther studies are needed to evaluate the presence of circu-
lating autoantibodies against muscle-antigens or the
presence of autoreactive T cells (Tabarkiewicz et al.,
2015; Javidi and Magnus, 2019).
CONCLUSIONS

WS is a frequent chronic necrotizing and inflamma-
tory myopathy of broiler chickens at slaughter-age. Mac-
roscopically, it is characterized by white striation
parallel to the muscle fibers. Histological lesions were
observed in all broiler chickens examined in this study,
both with and without macroscopic evidence of WS. His-
tologically, WS muscles showed a multifocal to coalesc-
ing endomysial and perivascular inflammatory
infiltrates mainly composed of macrophages and CD8-
positive T lymphocytes with severe myofiber atrophy,
necrosis, fibrosis and replacement by adipose tissue.
Other associated myopathic changes were endomysial
and perimysial edema, centralization of nuclei, and fiber
splitting, and there were a diffuse sarcoplasmic and sar-
colemmal overexpression of MHC I. The severity of the
histologic lesions was positively correlated with the mac-
roscopic degree of white striations. The data suggest
that the striations were mainly composed of inflamma-
tory cells, fibrous and adipose tissue. The observation of
CD8/MHC I complexes, together with the higher
expression of IL-6, IL-17, and LITAF in severe WS, sug-
gest an immune-mediated component may contribute to
this myopathy. Given the increase in incidence of WS,
there is a pressing need to find a solution to reduce the
incidence of WS and other hypoxia-related myopathies
of broiler chickens both to reduce economic losses in the
poultry industry and for the chicken’s welfare. More-
over, further studies are needed to explore the immune-
mediated component of WS pathogenesis.
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